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Ilii° Energy & Momentum units v =
| D,

* When we talk about the energy or momentum of individual
particles, the Joule is inconvenient

* Instead we use the eV, the energy that a unit charge
e=1.6x10" Coulomb
gains when it falls through a potential, A® = 1 volt.

1eV =1.6x10" Joule

% For momentum we use the unit, eV/c, where c Is the speed
of light
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|I|i|- Mass units *SEr
% We can use Einstein’s relation,
E, = mc?
to convert rest mass to energy units (m is the rest mass)
% For electrons,

Eoe = 9.1x10-3! kg x (3x108 m/sec)? =81.9x101>J
= 0.512 MeV

% For protons,
E,, =938 MeV
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Why do we build accelerators?
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= * *
Il |" Research accounts for a small numebr * *
g *

* *

Accelerators in the world

Total number ~ 20000
growing at about 10% per year

New Applications

@v technologies

0
5 Medicine
. ‘ 35%

Industry
60% From L. Rivkin, CHIPP Lectures, 2008
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N . . * *
I'li] What are these machines used for? e
* * **
Category Number
Ion implanters and surface modification 7’000
Accelerators in industry 1500
Accelerators in non-nuclear research 1’000
Radiotherapy 5000
Medical isotopes production 200
Hadrontherapy 20
Synchrotron radiation sources 70
Research in nuclear and particle physics 110
TOTAL 15000

From L. Rivkin, CHIPP Lectures, 2008
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INliII’ Why do we need beams?

Collide beams

»2/\‘*

v

Figures of Merit (FOM):
Collision rate,

Energy stability,
Accelerating field

Examples: LHC, ILC, RHIC
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N . 3 -
I' ||| What we know by direct observation * *
' . , . , ) ** **
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UM How can we understand the underlying ~ +* ™
'l structure of things? o, %

Wilhelm Rdontgen Discovered X-rays in 1895
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I'liI” How itall began W1t
* *
* %
p
— -

E
214pg [ :? ‘ __L-Film
M
source —

Vv (¥

Fig1. Marsden-Geiger experiment.

Rutherford explains scattering of alpha particles on gold
& urges ... on to higher energy probes!
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I' Ii |- Why do we need high energy beams { }

% Resolution of "Matter" Microscopes
= Wavelength of Particles (y, e, p, ...) (de Broglie, 1923)

A= h/p | =12 fm/p[ GeV/c]

= Higher momentum => shorter wavelength => better the resolution

2.
m._cC
% Energy to Matter B e = —2— = ymoc2
= Higher energy produces ’ v
heavier particles - o2

% Penetrate more deeply into matter
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I' I. = Examples: Where we are today - o o By
Il Heavy ion collisions *x x*

D - Auat RHIC

Gold Beam

LHC: The Large Hadron Collider

1ave Not et Baen 3ccelerated to their full anergy.

Brookhaven Mational Lab { BHIC-STAR Callabaration

You meed to supply mere energy by raising the ascelerztor handie..




II |i|- CERN Accelerator Complex

* *
* *
** **

CMS
P )——q— (not to scale)
LHC
North Area
ALICE b EhGCh
SPS v .
2 ™0
West Area L A}A - s towards
AD | 750 Gran Sasso
: BOOSTER _IsoLpE East Area
n . 1
Y
/ ToF | INac 2 YA PS
P 4 CTF3
O edpzznas \ 3
O ) Sy o
p protons P antiprotons  AD Antiproton Decelerator LHC Large Hadron Collider

D electrons
p neutrinos

PS Proton Synchrotron
SPS Super Proton Synchrotron

p ions
P neutrons
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n-ToF Neutron Time of Flight
CNGS CERN Neutrinos Gran Sasso

CTF3 CLIC Test Facility 3



- ) * *
|||" Inside the LHC tunnel 1

This goes on for 28 km!

I IITIITITTImIIImm————————— US Parrticle Accelerator SChool N IIII————



THs Figure of Merit 1: Beam Energy == o o Tl
I ||| Energy frontier of discovery K,

The Energy Frontier

(Discoveries)

Hadron colliders

(top quark Tevatron)
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“Livingston plot”

Wakefields, impedances

Colliding beams :
1960 1970 1980 1990 2000 2010 2020 2030
Strong ’

_ Year of First Physics
focusing
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n:=- Example from High Energy Physics: * ol *
I I" Discovery space for future accelerators .«

~ \i\’ I SuperLHC
tn -
N % L VY -)
& ; LHC Very Large
= i a Hadron Collider
2 i Collider O
S pr SSC
I= 32 I\
= B
o evatron e Energy x Current
S Luminosity = ;
3 I8 Focal depth x Beam quality
LEP
30 L | | | |
0.01 0.1 1 10 100 1000

Energy of constituent c.m. (TeV)
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n:= High Energy Physics o o B
I ||| Figure of Merit 2: Number of events e

Events= Cross- section x (Collision Rate) x Time
Beam energy: sets scale of physics accessible

N1 x N2x frequency ~ Ni x N2x f
Overlap Area Aox0oy

x Correction factors

Luminosity =

We want large charge/bunch, high collision frequency & small spot size
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INl§jI” How far can we go with this approach? { .

* **
1 PeV ?

0‘15 R L' ! ! | ¢ ' = | 1 1 . Y ! T LT

. Accelerator-based -

oll| Astrophysics/ 9

= supernovas .

(b} i Relic radiation ]
(&) - :l
= D10 — ]
o - i
LL B )
qC_) Lg 5 [3) ]
- ® ®© I 1]

= L & 3 3 i
o) - o F -
- B ol i 2
o D0.0b [— origin of —
= - -time 4
) 2 -
= Electrom i)
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Energy in GeV
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Mir o
Limits
of
accelerator-based HEP

e -

-
-
- S
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II Iil- How big is a PeV collider? b 7k

\
s :
\\‘ Maldova &

X
\
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»
Image NASA

RN Luropa Technolagies " - C( ) ' T

lmage 007 TeeraMetrie s . X 8 t
2007 Tele Atlas

Streaming 11100 : Eve alt 864.25 km
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Il Ii |- FoM 3: Resolution (Energy/AEnergy) - ¥ o

* Intertwined with detector & experiment design
= In hadron colliders: production change, parton energy distribution
= |n lepton colliders: energy spread of beams (synchrotron radiation)

1000
5 SLC
LEP
u—col
€ 100 o )
= ILc® ®
E
= ILC-U
2 O
LHC
UELEITen LHC-2 VLHC
1
100 1000 10000 100000

Energy (GeV)
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% LHC upgrades rely on advances in magnet technology
= Reliability upgrade (2013) - replace IR Quads & collimators
= Luminosity upgrade - very high gradient, Nb,Sn quads
— Super LHC (energy upgrade) - very high field dipoles
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N .. w x
Il |" Why do we need beams? * *
** **

Secondary beams

=)

FOM: Secondaries/primary
Examples: spallation neutrons for condensed matter physics,
neutrino beams for high energy physics, rare isotopes
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1 GeV, 35 mA of protons, 1 MW liquid Hg target
6% duty factor >10% n/sec
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|| r ==  Figures of Merit:
I Spectrum & time structure
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O The measured (circles) neutron flux v. neutron energy
Ref: Paul E. Koehler, Nucl. Instrum. Meth. A292, 541 (1990)
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Ili[" FOM: Flux, Joules per secondary particle =

1MW SNS (1 GeV, 60 Hz)

Protons per pulse =~ 104

Neutrons per pulse = 20 x 1014 =2 x 10

Rate = 60 Hz ==> yield = 10/ n/s.

E/neutron =1 MW/10%" n/s = 10t J/n
Overall efficiency for accelerator system ~ 2%

==> ~5x1019J/n

D-T neutron tube (120kV, 1 A = 10 n/s)
E/neutron = 120 kW/10'4 n/s = 10-° J/n
DC power supply efficiency > 85%

==> =~ 10°J/n
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n:= Nuclear Astrophysics: ol o Tl
I I“ Radioactive Beam Facilities kL

% Explore nuclear structure & reactions involving nuclei far from the
valley of stability

= These nuclei participate in explosive nucleo-synthesis in novae, x-ray
bursts, and supernovae via rapid proton and neutron capture

- i i J’"ﬁ
- . g P
| a
|/,_.—F.
agh .-""
_ [ .

rp-process
novae

o

3 \
sypernovae

proton number

neutron
star

= Hydrogen bae
— Burning L"{'ﬁf;_" .
[k L

neutron number
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I' I- = Matter to energy: i x
I Synchrotron radiation science o, %
Synchrotron light source

% Science with X-rays
» Microscopy
e Spectroscopy

FOM: Brilliance v. A
B = ph/s/mm?/mrad?/0.1%BW
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N - . | * *

I Proagress i1n X-ray source brightness * ¥
Yy

** **

<= Growth in X-ray 4th Generation

k] ]
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|||-- Coherent Imaging: o o S
Il TwinMic on BACH-ELETTRA O,

72\

r

|

DET\, 4

Source '

Detector

Figure 3. Scanning mode
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Does the tracheal system limit the size
of insects?

Research* at the Argonne Advanced
Photon Source (APS) explains what
limits size in beetles: the constriction of
tracheal tubesleading to legs.

* Alexander Kaiser, C. Jaco Klok, John J. Socha, Wah-
Keat Lee, Michael C. Quinlan, and Jon F. Harrison, “
Increase in tracheal investment with beetle size supports
hypothesis of oxygen limitation on insect gigantism,”
Proc. Nat. Acad. Sci. USA 104(32), 13198 (August 7,

2007).
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*
Ill.- FOM 1 from condensed matter studies: ™
Il Light source brilliance v. photon energy % ..
10% [T T
S s - Duty
10° : ) anz[})c.;l.)z\i_s]egﬁ{:ZLs : factor
10 L / | : correction
- g for
107 - R y pulsed linacs

- Storage Ring
10” - Light

—  Sources _
102 (D.F.~107)

BESSY-I APS
} Unduylas

ESRF-Undulator

U49

Peak Brilliance [Phot./(sec - mrad® - mm® - 0.1% bandw.)]

21

107

BESS

10" 107 10° 10* 10° 10°
Energy [eV]
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II I- = Pump-probe experiment concept for * R+
'l ultra-fast science and/or imaging «

probe pulse \
excitation pulse
sample \ /\
I
>

@W = ‘

X-ray At

detector
ion or e"

detector Near IR pulse

* Pulses can be x-rays, VUV, electrons or ions

 Requires control/measurement of At with a resolution << x-ray
pulse duration (possibly as small as 100 attoseconds)
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II I. = Matter to energy: Energy Recovery % *
I l i s * *
Linacs (Hard X-rays ==> ~5 GeV electrons)  «_ =

Synchrotron light source
(pulsed incoherent X-ray emission)

Pulse rates — kHz => MHz
X-ray pulse duration ~ 1 ps

I m
J
JBL
\/

High average e-beam brilliance l
& e-beam duration ~ 1 ps

\
Main Linac X-Rays

VL seev 1 N\
= One pass through ring njctor e
=> Recover beam energy

=> High efficiency

. SC RF Pulse duration limited by CSR
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I| Iil- Even higher peak brightness requires * *

¥
coherent emission ==> FEL o
Iong Wiggler
o S "A'A'A'AVAVAV/\?’—‘".\
lllllﬂllﬁllﬁ
WA= AW 5
‘ﬂﬁﬂb ”O> ﬁ@&; ¢
spontaneous .
emission enerqy d
modulation / bunching ‘
coherent emission (4)
saturation
1 - .
¢ —— 32Nnm mirror

incident

I
X
| |~ 16nm mirror| 1
beam path '

Reflectivity

R oiar multilayer
sample plate R - mirror

10 100 1000
Photon energy (eV)
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FIRST FLASH DIFFRACTION IMAGE OF
A LIVE PICOPLANKTON

March 2007
FLASH soft X-ray laser
Hamburg, Germany

FLASH pulse length: 10 fs
Wavelength: 13.5 nm

- ,// | RECONSTRUCTED
W ) CELL STRUCTURE

J.Hajdu and H. Chapman

Filipe Maia, Uppsala

J. Hajdu, I. Andersson, F. Maia, M. Bogan, H. Chapman, and the imaging collaboration

| | |
60 0 60
Resolution length on the detector (nm)




I|I-- FOM 2 from condensed matter studies: » ™«
Ultra-fast Ilght SOuUrces « M,

10%°
» X-Ray
1033 FELS
§ 10‘” Initial
o Future
o
N': 1027 ERLs w. X-ray
b compression
-
®» .25
35 10
c
Q
2 o2
&,
§ 102!
5 ”
2 10'9 Laser Future
- Slicing a9
[e8 17 Sources
10 S Initial
1015 MTINITE TTITH N ||_uuu ' hunl 1 luun! ¢ lowier s biwens

100 10 1 0.1 0.01 0.001

FWHM X-Ray Pulse Duration [ps]
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N - w *
Il I| | Uses of beams: looking through matter *met
* *

Radiography

I

»;'*R » ~=R

FOM: Signal/noise ==> Dose at 1 m & resolution (X,t)
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Debris cloud produced
by an Al sphere impacting
a thin AL shield at hypervelocity.

Source:. http://www.udri.udayton.edu/NR/exeres/9ES82E5F2-AC29-4467-8F15-0E5A7FEA48F3.htm
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Il Ii |- Industrial uses of beams

Alter matter

FOM: process time
process efficiency
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III._ lon implantation is essential In * g *
Il semi-conductor production o

* lons prepare Si wafers for further processing finally
yielding integrated circuit chips
— > 1 B$/year business in semi-conductor “machine tools”

e

|on source

Electrode lenses

X-Y
Stage

% Emerging areas
— Flat-panel video displays
= Ultra-high density electronics
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N - . ) * *
I'liI" Example of ion beam lithography X o
* *
* *
in 180 nm Shipley DUV resist UVIIHS
W. Bruenger 75 keV He* ions
FhG ISIT - 0.46 pCl/ecm?
Nov 19'99 Stencil Mask Wafer expoZur(;"c;ose

L T e
i s o
i e

S i et Y
& ': (4
_' 4 ‘:- '

650 nm LS  — 8.7x reduction — @
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l N - . * *
I |“ Therapeutic uses of beams * *
* *

* *

Therapy

FOM: treatment time
tumor control probability
precision beam control
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N . * *
I'liI” Example: Conformal therapy e

Challenge: Kill the tumor cells
w/o Kkilling healthy tissue

Multi-axis exposure of tumor

Gamma rays from electron linac
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I"liI’ FOM - Tumor control probability { }

Calculated Tumor Control Probability
(Laramore's parameters)

1 ' | A
2 | LBNL Beam
208l ]
[T
O
006 | o
[<I Dots indicate tumor
e | doses near midline
S 0.4t 1 of brain for BMRR
: - and LBNL Beams
c0.2] | (for specific head,
|2 | treated to maximal
ol BMRR Beam . {normal tissue dose)

0 10 20 30 40
Tumor RBE-Dose (Gy Eq)

Control of gliobastoma multiformae with neutron capture therapy
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N . . * 4
|||" What’s the difference between the beams? * *

*

*
g |deal energy
/ band

10 r v v v v

Bk Accelerator-based
production (LBNL)

°

b

—

eé

S

~ &k

S

2 - -
- Reactor -based

- (BNL) 3MW

e % i
=

a Kill healthy cellsinfront\

2 of tumor

£ 2 ]
=

L

=

0.001 Qa1 0.1 1 10 100 1000 10.Q00 100,000 1.400.00Q
Neutron Energy (eV)
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H N - w ¥
|I |" Tumor control with hadron beams - *
*

* X

Bragg peak

)

Proton beam

Hadron therapy allows for the best
treatment of deep tumors with
minimized dose to healthy tissue
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I| I- == Matter in extreme conditions can be * o
Il driven by intense heavy ion beams «
105

2 %
2
% %

104

~103 Magnetic Fusion

>

i_}

@ 2 il
10 ideal plasma :
“ -
©

h -
8_101 3
£ :
'— o

10°

: Jupiter
10 Solid State 3
Densig 3
trongly coupled plasma
10 ? ] IIIHJ ' lnd soned lnuJ ' T T 14_‘_‘_“4 MMMMA(HJ L llli Lansd IIIIJ ' nnn‘ ' lnxd L

1012 105 108 102 1024 1027
Density (atoms/cc)
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- ) ) ) * x
|||" The inertial fusion power plant 11
** **

1. Driver - accelerator
to heat & compress
the target to ignition

2. Targets (and a factory
to produce about 5 per second)

4. Fusion chamber to recover
the fusion energy pulses from

the target

Many :
beams 3. Focusing

system

5. Steam plant to convert
fusion heat into electricit
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I N .. . w *
I ||| Beams to heat fusion plasmas oV
* *

* Example: neutral beams for TFTR at Princeton

g —

vy
S 8

....

Neutral beam injectors w=

* ITER will require 60 MW of neutral beam heaters
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I . ] % P
I"iI" How much do these things cost? T
e % **
1000
N.B., 4
VERY ROUGH ESTIMATES 4 SNS-linacIA-linac
S
v 100 SNS-ringe XFEL
> A <
) LUX ® NSLS-11
> APS L:?LS A Project-X
O ALS® SPEAR-III a
0] " ILC
u 10 o PEP-Il _ RHIC
Q * SLAC Daphne Linac AulLS
)
: . '
LHC
(N} Tevatron S.SC . BELLA
O 1 .
~ VLHC/ELN ?
0
1960 1970 1980 1990 2000 2010 2020 2030 2040
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. * *
|'|II ol ¥
* #

Just what are these beams?

That’s the next lecture
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